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Abstract
Urban areas can be large emitters of air pollutants leading to negative health effects
and environmental degradation. The rate of venting of these airsheds determines the
pollutant loading for given emission levels, and also determines the regional impacts
of the urban plume. Mexico City has approximately 20 million people living in a high5
altitude basin with air pollutant concentrations above the health limits most days of
the year. A mesoscale meteorological model (MM5) and a particle trajectory model
(FLEXPART) are used to simulate air flow within the Mexico City basin and the fate of
the urban plume during the MCMA-2003 field campaign. The simulated trajectories are
validated against pilot balloon and radiosonde trajectories. The residence time of air10
within the basin and the impacted areas are identified by episode type. Three specific
cases are analysed to identify the meteorological processes involved. For most days,
residence times in the basin are less than 12 h with little carry-over from day to day
and little recirculation of air back into the basin. Very efficient vertical mixing leads to a
vertically diluted plume which, in April, is transported predominantly towards the Gulf15
of Mexico. Regional accumulation was found to take place for some days however, with
urban emissions sometimes staying over Mexico for more than 6 days. Knowledge of
the residence times, recirculation patterns and venting mechanisms will be useful in
guiding policies for improving the air quality of the MCMA.
1. Introduction20
Air quality in urban areas is determined by the interaction of emissions with meteorolog-
ical circulation patterns. Large urban areas are often found in areas with complex wind
patterns which can be due to a coastal location and/or proximity to mountain ranges.
Los Angeles combines both of these with strong sunlight leading to episodes of intense
photochemistry. Lu and Turco (1995) analysed the three-dimensional wind patterns in25
the basin and found that the sea-breeze transports the polluted air mass up the moun-
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tain slopes. Under periods of weak synoptic forcing, a reservoir layer forms aloft, and
the polluted air mass descends on the city the following morning. Peak ozone is there-
fore obtained after several days of accumulation. Houston, though also a coastal city,
lies on a plain. Banta et al. (2005) analysed the circulation patterns and found that
morning emissions are carried to sea with the land breeze. As the day progresses,5
a sea breeze forms transporting the polluted air mass back over the city where it is
trapped horizontally in a convergence line and mixes vertically. In this scenario, there
is little carry-over from day-to-day and peak ozone levels can be obtained in a single
day. Phoenix, on the edge of a mountain range in a desert, was analysed by Fast et al.
(2000). Slope flows transport the urban plume towards the mountains. Low synoptic10
forcing and intense heating lead to vigorous vertical mixing and effective daily venting
of the urban plume. There is therefore little multi-day accumulation although night-time
emission build-up plays an important role.
Marseilles and Athens share similarities with Los Angeles: both are coastal cities on
the edge of mountains. Kalthoff et al. (2005) analysed the sea-breeze flow during the15
ESCOMPTE field campaign in Marseille. The complex interaction between the sea-
breeze, valley flows and slope flows lead to strong vertical layering with flow separated
between a component along the coast and one over the mountains. Grossi et al. (2000)
found that for Athens a single day of emissions was sufficient to yield a peak ozone day.
Night time emissions were very important however, and mutli-day carry-over affected20
the spatial extent of the plume rather than peak values.
Away from the sea and next to much higher mountains, Santiago de Chile experi-
ences strong upslope flow and convergence along the mountain flanks, as described
by Schmitz (2005). The combination of the vertical mixing and the convergence leads
to effective venting of the urban plume towards and above the Andes. Studies in the25
French and Swiss Alps yield a similar emphasis on vertical diffusion in the absence of
strong horizontal flows. Lehning et al. (1998) showed the dominance of vertical trans-
port using aircraft eddy covariance measurements. Henne et al. (2004) show that three
times the valley air mass can be exported vertically under fair weather conditions, with
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the topography leading to a very efficient “air pump” exporting pollutants to the free tro-
posphere. The importance of thermal convection and of small-scale processes (<1 km)
for these cases is described by Brulfert et al. (2005).
While many urban areas are the dominant regional source of pollutants, long-range
transport can have important impacts. Menut et al. (2000) use a combination of aircraft5
measurements and model simulations to identify days when ozone levels in Paris are
predominantly caused by local emissions, and others when a substantial fraction is due
to transport from neighbouring countries.
Mexico city lies in a mountain basin at 2240 m altitude and 19◦N latitude, surrounded
by high mountains on three sides. The MCMA-2003 field campaign took place during10
April 2003. de Foy et al. (2005a) described the meteorological conditions during the
campaign as well as the literature on the basin wind circulation. Bossert (1997) in-
vestigated flow regimes in the basin as part of the MARI field campaign. Lagrangian
particle simulations revealed strong venting from up-slope flows. Different episodes
were analysed to show the contrasting effects of local versus regional flow patterns,15
including the importance of plateau winds into the basin in flushing out the polluted
air mass. Fast and Zhong (1998) analysed the meteorological conditions during the
IMADA campaign. Lagrangian simulations found residence times shorter than a day
and limited recirculation from day-to-day. Stable conditions at night lead to pollutant
build-up which impacted air quality on the following day. Overall, it was found that the20
combination of horizontal advection, near-surface convergence and vertical diffusion
lead to very effective basin venting on a daily basis.
During MCMA-2003, three types of wind circulation patterns were identified (de Foy
et al., 2005a). O3-South events occur when there is weak synoptic forcing and high
ozone peaks in the south. O3-North events take place when there are westerlies aloft,25
leading to strong flows over the western and southern basin rim and high ozone levels
in the north. Cold Surge days are associated with “El Norte” events, with strong, cold
surface flow from the Gulf of Mexico and substantial afternoon rainfall. Of the 34 days in
the MCMA-2003 campaign, 7 were O3-South, 17 O3-North and 7 Cold Surge. de Foy
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et al. (2005b) found distinct wind convergence patterns during each episode: east-
west convergence lines radiating northwards from a pass in the south-east of the basin
for O3-South days, relatively stationary north-south convergence lines for O3-North
days and east-west convergence lines through the middle of the basin associated with
convective rainfall for Cold Surge days.5
This paper builds on the previous descriptions of the MCMA-2003 basin meteorology,
using a Lagrangian particle model to establish the residence times, fate and origin of
the Mexico City Metropolitan Area (MCMA) air mass. The model simulation procedures
are described in Sect. 2. Model mixing heights and particle trajectories are validated
against pilot balloon and radiosonde observations in Sect. 3. Results are presented10
for the entire campaign in Sect. 4 and individual cases are analysed to discuss the
meteorological processes involved in Sect. 5.
2. Model description
The Pennsylvania State University/National Center for Atmospheric Research
Mesoscale Model (MM5, Grell et al., 1995) version 3.7.2 was used to generate the15
wind fields as described in de Foy et al. (2005b). This uses three nested grids with
one-way nesting at resolutions of 36, 12 and 3 km, with 40×50, 55×64 and 61×61
grid cells for domains 1, 2 and 3, respectively. Figure 1 shows the large and medium
domains. The initial and boundary conditions were taken from the Global Forecast
System (GFS) at a 3-h resolution. High resolution satellite remote sensing is used to20
initialise the land surface parameters for the NOAH land surface model, as described
in de Foy et al. (2005c).
Stochastic particle trajectories are calculated using FLEXPART, Stohl et al. (2005).
The modified version 3.1, developed by G. Wotawa, was used. This version was mod-
ified to ingest MM5 output, using sigma levels as the vertical coordinate and using all25
three of the nested MM5 grids. Vertical diffusion coefficients are re-calculated internally
based on the MM5 mixing heights and surface friction velocity. Particle positions were
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output every hour for analysis. Given the high resolution of the MM5 terrain, sub-grid
scale terrain effects were turned off in the model. As this study is focussed on air trans-
port, there is no deposition and a reflection boundary condition is used at the surface.
A density correction was applied to the Langevin equation to improve the vertical mix-
ing in FLEXPART (Stohl and Thomson, 1999). Validation of FLEXPART was carried5
out against large scale tracer experiments (Stohl et al., 1998), with a range of Pearson
correlation coefficients around 0.5.
For the residence time analysis, particle releases are based on the carbon monoxide
emissions inventory described in West et al. (2004). An average of 300 particles are re-
leased per hour, scaled by the diurnal temporal variation. The particles are distributed10
spatially on a grid of 4.5 by 4.5 km. Grid cells with less than half the mean number
of particles are ignored and their contribution added to the remaining grids cells. This
leads to a minimum of 26 particles being released at 04:00 from 25 release cells and a
maximum of 453 at rush hour (08:00) from 114 grid cells, shown in Fig. 3. The particle
releases are randomised in time during a one hour interval and in the vertical between15
0 and 20 ma.g.l. Particles are simulated for 6 days. In order to conserve resources,
only even hours are considered. Prior tests showed that this has a negligible impact
on the analysis.
Backward trajectory analyses were performed by releasing 300 particles per hour as
a randomised area source of 30 by 30 km centred on 19.45◦N, 99.14◦W. In the vertical,20
the particles were released between the surface and the top of an average diurnal
mixing height profile varying between 500 m at night up to a maximum of 3000 m in
the late afternoon.
3. Measurements and model validation
Evaluation of the simulated meteorological fields was presented in de Foy et al. (2005c)25
and de Foy et al. (2005b). MM5 correctly represented the main features of the flow,
especially the diurnal profile in wind speed and the afternoon wind-shifts occurring in
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the basin.
Given the importance of vertical mixing for transport in the basin, the model-derived
mixing heights were compared with radiosonde data. Radiosondes were launched in
the basin by the Mexican National Weather Service (Servicio Meteorolo´gico Nacional,
SMN) and by the Centro de Ciencias de la Atmo´sfera of the Universidad Nacional5
Auto´noma de Me´xico (CCA-UNAM) every 6 h from the SMN headquarters on the west-
ern edge of the basin. Figure 4 shows a comparison of the modelled hourly mixing
heights with the daily maximum observed mixing height. Observed mixing heights were
calculated using the gradient method, identifying heights at which the vertical gradient
of potential temperature exceeded a threshold of 2.5 K (see de Foy et al., 2005a, and10
Fast and Zhong, 1998). This method can detect multiple inversions. Figure 4 shows
both the first one, taken to be the mixing height, and the second one, signifying an in-
version aloft. Mixing heights calculated with the threshold method, looking at the height
at which the potential temperature exceeds the surface value plus an offset of 2 K, are
also shown. These are higher than the gradient values but follow the same trend and15
suggest that the methods are robust. The MM5 simulations used the MRF boundary
layer scheme (Hong and Pan, 1996) which diagnoses the mixing heights based on the
stability class and the vertical profile of virtual potential temperature. There is good
agreement between the two showing that the model correctly represents the high mix-
ing heights found in the Mexico City basin as well as the variation in heights during the20
campaign.
Pilot balloon trajectories were used in order to verify the accuracy of the FLEX-
PART trajectories. Pilot balloons were released at 10:00, 12:00, 14:00 and 16:00 LST
(i.e. CST during the first week of the campaign, CDT thereafter) from three sites across
the basin. These were the Iztapalapa (P1) and Azcapotzalco (P2) campuses and the25
central administration building (P3, Rector´ıa) of the Universidad Auto´noma Metropoli-
tana as shown in Fig. 2.
The balloons were tracked by theodolite with elevation and azimuth angles logged
every 10 s. Releases prior to the campaign were performed with 2 theodolites and
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established that the vertical velocity of the balloons was 3.3 m/s. Thereafter, mea-
surements from a single theodolite were used together with the vertical velocity in
calculating the position of the balloons.
In order to evaluate the particle trajectories, pseudo-balloons were released in the
model with the same fixed vertical velocity. 100 pseudo-balloons were released for5
every real balloon to account for the stochastic mixing effects. The particle paths were
tracked for 10min with positions logged every 10 s, as for the real balloons. The path
length of the balloon trajectories was between 1 and 2 km. Figure 5 shows the three
balloon trajectories along with the model trajectories for 10:00 and 18:00 for the three
cases that will be studied in Sect. 5: 15 April (O3-South), 23 April (O3-North) and 810
April (Cold Surge). On 15 April, transport is clearly to the south and is correctly rep-
resented by the model. At 18:00, both the balloons and the particles are still moving
southward, but the low level jet from the south-east Chalco pass is beginning to form.
This affects the model more than the balloons, with north-westward model trajecto-
ries. The balloons do show very weak surface flows however with some north-westerly15
component at P3. On 23 April, transport is north-eastwards. At 10:00, the winds are
weak and variable. This can be seen by spiralling of the pilot balloons and a large
spread in model trajectories. The pilot balloons are transported eastward when they
reach a higher elevation, which is not represented in the model. At 18:00, the stronger
north-eastward flow is well-characterised however. On 8 April, there is a strong south-20
ward flow near the surface with eastward turning aloft. This is well characterised by
the model at 10:00. At 18:00, the model is totally wrong however, having simulated a
northward low level jet through the basin. The sensitivity of model simulations to soil
moisture for these cases was discussed in de Foy et al. (2005b). Southward transport
aloft is correctly characterised however.25
The Relative Horizontal Transport Deviations (RHTD), described by Baumann and
Stohl (1997), was calculated between the actual balloon position and the closest posi-
tion of the pseudo-balloons. The median RHTD was found to be approximately 40% as
shown in Fig. 6. The errors are largest for the 10:00 balloons when winds are weaker
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and for the 16:00 releases when wind variability is largest. For 12:00 and 14:00 75%
of errors are below the 50% mark.
Similar trajectories were calculated for the available radiosonde observations. The
balloons were found to rise at an average of 5 m/s which was set as a constant in
FLEXPART. RHTD for all available soundings at GSMN is shown in Fig. 6. These are5
similar to the pilot balloons, with 50% of trajectories having errors below 50%. In this
case however, the 19:00 sounding performs considerably worse than the remaining
ones. This may be due to the location of the radiosonde release site on the western
edge of the basin which is strongly influenced by local slope flows near the surface.
In interpreting the statistics, it is important to note the large variability between the10
model trajectories. This is due to the weak and variable winds in the basin and suggests
bounds on the accuracy possible from single point measurements. For the pseudo-
radiosondes, increased accuracy could be gained by specifying the known vertical
height, as was done in Baumann and Stohl (1997), rather than the average vertical
velocity . This is unlikely to have a significant impact on the RHTD however and was15
not implemented in the present work. Stohl (1998) reviews the accuracy of trajectory
calculations and finds that 20% errors are typical for trajectories based on analysed
wind fields. In this case, winds are particularly weak and variable adding further to the
variability of the trajectories. It is therefore deemed acceptable that 50% of pilot balloon
trajectories have relative errors below 50%.20
4. Results
The analysis of the forward and backward trajectories will be based on the classifi-
cation of each day of the campaign into one of the three episode types: O3-South,
O3-North and Cold Surge. The results are split into two sections: the first looks at the
Mexico City basin itself and the second looks at the regional area. The basin boundary25
used to calculate residence times is shown in Fig. 2. For the regional residence time
analysis, the domain is defined by the coasts of the Pacific Ocean and the Gulf of Mex-
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ico, truncated 600 km to the North and 800 km to the East. The residence time was
defined as the time span between the release time and the final exit from the domain.
The recirculation fraction was calculated from the number of particles that re-enter the
domain one or more times after having left it as a fraction of total particles.
The fate of the urban plume was analysed by constructing gridded fields of particle5
clouds and, separately, of particle paths. For particle clouds, a snapshot is taken of the
particles at a particular time from all preceding releases (for forward trajectories). The
particle count at each grid cell is made by integrating over the entire vertical column
leading to a measurement similar to a column concentration. For particle paths, “resi-
dence time fields” were constructed by counting particle positions recorded every hour10
on a single grid. All particles released at a given time are included in the gridded field
for that particular time. Each grid cell is a column integration over the entire vertical
range and the resulting grid is the equivalent of a time exposure photograph taken from
above for a single release.
The fine grid covers the basin and adjacent areas, as shown in Fig. 2, with a reso-15
lution of 6 km. Two coarse domains are used corresponding to the first two domains
of the MM5 simulations. A resolution of 36 km is used for both in order to have a rep-
resentative number of particles in each cell. Gridded fields are summed by episode
type and/or by time of day in order to have an overall view of the conditions during the
campaign. Individual particle clouds and paths will be presented in Sect. 5 for three20
test cases in order to discuss the driving forces and mechanisms of the flow features.
4.1. Basin
Histograms of residence time were calculated for each release during the field cam-
paign. Figure 7 shows a boxplot of these grouped together by episode type. For each
hour, the boxplot indicates the median fraction of particles with this residence time as25
well as the inter-quartile range and total range. For all episode types, 50% of tracers
have a lifetime shorter than 7 h, and 25% shorter than 3 h. The difference between the
episodes is in the longest-lived quartile, with 25% of tracers having a residence times
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above 23 h for O3-South days, 9 h for O3-North and 13 h for Cold Surge. A histogram
of recirculation fractions by episode type is shown in Fig. 7. The median recirculation
fraction is 42% for O3-South days, 12% for O3-North and 27% for Cold Surge.
Figure 8 shows the sum of column concentration fields on the basin grid by episode
type and by time of day. For O3-South days, the dominant feature is transport to the5
South for all times of the day. Outflow from the basin takes place along the entire
southern rim of the basin. In the morning, there is more flow through the Chalco
passage in the south-east, but later in the day the outflow is greater to the south-west
near the Ajusco mountain (at the Tres Marias pass). High concentrations of polluted
air exist south of the basin rim above the mountain slopes as basin air meets up-valley10
flow from the south. This is strong enough in the evening to push part of the urban
plume over Toluca to the west and Puebla to the east. Some transport to the north
can be seen, with north-east impacts from afternoon releases and north-west impacts
from the night-time releases. The impacts to the north are minimal during the day but
increase at night in the north and north-east of the city.15
For O3-North days, the dominant outflux from the urban area can be seen to the
north-east and south-east. In the early morning, there are high concentrations to the
south of the basin in the Cuautla valley and to the east over Puebla. As mixing heights
rise during the day, these impacts are reduced. There are late morning impacts through
the Chalco passage and to the south of the basin. These are replaced with north-east20
impacts as the afternoon progresses. By night, concentrations are high on the whole
eastern edge of the domain suggesting impacts from flow going on both sides of the
volcanoes.
For Cold Surge days there is a clearer channelling of night-time flows through the
Chalco passage, although there are also impacts to the north-east and looping around25
the volcanoes to Puebla. As the day progresses, the impacts are more clearly to the
south in areas of low terrain elevation, with little flow over the basin rim and lower
concentrations over the volcanoes. By night-time, there is a northward component
affecting the north-east of the city and the regions to the east of the basin.
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Figure 9 shows residence time plots resolved in the vertical for a circular area around
the basin. Hourly particle path positions were counted in area between 35 and 45 km
from a point near the airport (UTM coordinates: 490 E, 2150 N km, zone 14) with a
vertical resolution of 250 m up to 2000 ma.g.l. As before, these are summed over all
time periods by episode, and is a non-dimensional representation of the time spent5
by the particles in the ring surrounding the city. On O3-South days, the outflow can be
clearly seen over the basin rim in the south. The highest residence times are above the
surface, between 250 and 1000 ma.g.l. On O3-North days, the component of outflow
towards the south is much weaker as well as being a little higher and over to the south-
east. The main outflow can be clearly seen to the north and north-east. The highest10
concentrations are at the surface but for the north-east the plume maximum is in the
500 to 750 ma.g.l. range. On Cold Surge days the outflow is to the south. In contrast
with O3-South days however, the bulk of the flow is near the surface in the Chalco pass
to the south-east. Reduced vertical mixing leads to higher residence times close to the
surface for all exit directions.15
Residence time fields for backward trajectories from the urban area are shown in
Fig. 10 by episode and by time of day. These show where the air mass over the city
originated on the local scale. For O3-South days, the night time flow is a combina-
tion of flow from the Mexican plateau in the north and through the Chalco pass in the
south-east. The Mexican plateau flow increases during the day and dominates the af-20
ternoon inflow before the gap flow resumes in the early evening. For O3-North days,
the situation is similar although the inflow comes much more strongly from the west.
This increases as the day progresses and dominates the afternoon flow with air from
Toluca coming over the mountain pass in the west of the basin. As the evening pro-
gresses, the inflows come around the Ajusco mountain in the south-west of the basin.25
Cold surge days have a strong inflow from the north for all time periods. During the
day there is a slightly increasing component from the north-east reverting to air coming
from the north-west at night.
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4.2. Region
On the regional scale, the residence time of the urban plume over land is shown in
Fig. 11 along with the recirculation fractions. The median residence times are 4.7
days for O3-South, 2.5 days for O3-North and 2 days for Cold Surge. More than one
quarter of trajectories from O3-South days were still over land at the end of the 6 day5
simulation period. Recirculation fractions show a median of 37% for O3-South days
compared with 29% and 28% for O3-North and Cold Surge respectively. These are
particles that leave the domain either over the Gulf or over the Pacific before being
blown back to land.
The regional impact does not vary substantially by time of day and is shown by10
episode type in Fig. 12 on the medium grid with 36 km spacing. On O3-South days,
the plume leaves the basin mainly to the south as shown above. After that it fans out
and impacts both the Pacific coast to the south and the Gulf coast to the east. The
column concentration plots show some looping around the Pico de Orizaba volcano
due east, with northward transport along the flanks of the Sierra Madre Oriental. On15
O3-North days, the north-eastward outflow from the basin continues in the same direc-
tion, moving over the Sierra Madre Oriental and onto the Gulf of Mexico. The outflow
to the south and south-west is limited to the area adjacent to the basin as further away
the plume is blown back to the east and north-east. On Cold Surge days, the column
integrated spatial impact is similar to O3-North days with outflow to the north-east. The20
main difference is that the plume follows the terrain much more closely as it is chan-
nelled through mountain passes and depressions. On the basin scale, the outflow was
mainly to the south through the Chalco passage. This can be seen on the regional
plot but lasts for less than 100 km as the flow is turned to the north-east. The outflow
is concentrated beyond Pachuca in the valleys descending the Sierra Madre Oriental.25
After this, it fans out along the coast impacting areas both to the north and south.
Figure 13 shows the exit direction resolved vertically as for Fig. 9. Particle paths
were gridded radially between 300 and 400 km from the MCMA. In the vertical, the
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resolution is still 250 m but now extends to 8000 ma.g.l. For O3-South days, this
shows outflow towards the south in the range of 1500 to 2500 ma.g.l. and towards
the south-west around 3000 ma.g.l. The component of northward flow can be seen in
the lower levels along the Gulf Coast and out over the Gulf. For O3-North days, two
dominant outflow areas can be seen. To the north near the Sierra Madre Oriental there5
is a low level outflow around 500 to 1000 ma.g.l. To the east, the peak outflow is in the
range of 3000 to 4000 ma.g.l., but the outflow is very spread out both vertically and
for the entire north-east quadrant. Cold Surge days have the most outflow in the lower
levels along the flank of the Sierra Madre Oriental. There is no outflow for the whole
western side and some outflow over the Gulf at higher elevations.10
Residence time fields for backward trajectories from the urban area over the large
domain is shown in Fig. 14 by episode. For O3-South days, air from the Pacific ocean
flows along the coast and enters the basin either from the north-west over the Mexican
plateau or from the south-west through the valley of the Rio Balsas. There is some
flow from the southern Pacific that is taken up in the northward valley flows. Impact15
from the Gulf is limited to an influx from the south-east that moves northwards along
the coast. For O3-North days, the inflow is much more focussed on the valley of the
Rio Balsas drawing air from the Pacific coast both to the north and south of the river
mouth. As the flow approaches the basin, it enters from both the southern and western
rim. There is some impact from the Mexican plateau and also from the Gulf coast20
entering the basin from the north. Because of the greater internal variation of Cold
Surge days, the inflow can be seen to come from many directions. One noticeable
feature are the sharper gradients following the topography, as the lower mixing heights
lead to increased terrain channelling. The main inflow direction is from the north with
Gulf air moving over Pachuca into the basin. There is additional inflow from the Sierra25
Madre Oriental south of the Pico de Orizaba meeting Pacific inflow and entering the
basin from the south.
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5. Discussion
The results section presented aggregate behaviour of the plume by episode type,
showing distinct ventilation patterns and residence times for each type. This section
will focus on three specific days to analyse in greater detail the processes causing the
observed results. Following de Foy et al. (2005b), 15 April was chosen for the O3-5
South category, 23 April for O3-North and 8 April for Cold Surge. Figure 15 shows the
particle cloud (snapshot of current particles for all prior releases) of the urban plume
at 18:00 for each day at both the regional and basin scale. North-south cross-sections
of the basin are shown in Fig. 16. Finally, particle paths (hourly positions of a single
release for the entire simulation period) from specific releases around the basin are10
shown in Fig. 17 to help elucidate the flow patterns entering the basin.
15 April shows the clockwise transport aloft by an anti-cyclone over western Mexico
characteristic of O3-South episodes. At lower levels however, the plume is taken into
the northward surface flow of the Gulf of Mexico along the edge of the Sierra Madre
Oriental. This section of the plume comes from the night time surface flow blown15
northward by the low level jet. There is a return flow visible on the regional scale as the
convergence line between the Pacific ocean breeze and the Gulf breeze moves south-
eastward. On the basin scale, the cross-section looking west shows clearly the vertical
dispersion of the urban plume to 4000 ma.g.l. Close inspection of the fresh particles
on the southern slope show that there is some up-slope flow but that the majority of20
the transport is due to vertical mixing above the city. In this case, the increased mixing
heights over the urban area dominate the up-slope drafts. Once the plume is aloft, it
is transported southwards where it meets the cooler ocean air moving up-valley. This
leads to an accumulation band at around 4000 ma.s.l. with little MCMA impacts at the
surface. The flow is relatively stationary at this point and flows back into the basin25
when the northward jet forms in the Chalco passage. The (relatively) aged particles
stay mainly on the eastern edge of the basin before being vented out again by vertical
mixing. Looking at the particle releases from points around the basin confirms this
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picture. The releases to the north of the basin are convected into the basin and over
the rim to the Cuautla valley. The release in the Chalco passage leads to a sharply
defined influx on the eastern edge of the basin before being blown eastward through a
combination of convection and vertical mixing.
23 April has a strong north-eastward outflow typical of O3-North days. Vigorous5
vertical mixing takes place diluting the plume more than 4000 ma.g.l. In addition,
for this particular case, a strong convective cell developed in the afternoon (de Foy
et al., 2005b) explaining the transport above the top of the mixing layer. Low particle
densities exist in the basin at 18:00 as the plume is swept away by a strong north-
eastward flow over the western and southern edges of the basin. On the regional10
scale, there is a vertical separation between the flow aloft which is taken east and even
south-east towards the Gulf and the surface flow which is much slower and leads to
more concentrated impacts moving north along the Gulf coast. In contrast with 15
April, this flow does not impact the Mexican plateau as the regional convergence line
stays close to the edge of the Sierra Madre Oriental. Particle paths from the release15
to the north of the basin reveal the strong eastward component of the flow with little
impact on the MCMA. The release in the Chalco passage does show the jet flow very
clearly however and impacts much more of the urban area as it moves north-westward
before being taken up in the regional eastward movement. The release near Cuautla
is also influenced by the eastward flow preventing it from entering the basin at Chalco20
and impacting Puebla instead.
8 April was the day of highest rain from the field campaign and the central day of
a Cold Surge episode. As expected, the surface transport is to the south with strong
channelling through the Chalco passage. On the basin scale, the reduced vertical
mixing leads to particles accumulating in the basin and held back by the surrounding25
mountains. The outflow through Chalco leads to surface transport down the Cuautla
valley. This time, there is no up-coming valley flow to counteract the jet. There are
older particles that experienced increased vertical transport earlier in the day when the
mixing height was higher. These are transported both southward and eastward. On
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the regional scale, these particles are caught in the westerlies and blown eastward
over the Gulf. This leads to a plume split in two with each half travelling in opposite
directions. Particles released near Pachuca show the strong inflow into the basin.
This has a westward component as the flow from the Gulf blows perpendicular to the
mountain axis. The flow in the Chalco passage fans out to the south impacting the5
whole Cuautla valley.
6. Conclusions
The FLEXPART trajectory model was used with MM5 simulated wind fields to analyse
the air flow in the Mexico City basin. Mixing heights simulated by MM5 were shown
to be in good agreement with those obtained from radiosonde observations, giving10
confidence in the model representation of vertical diffusion. Model simulated pseudo-
balloon trajectories were compared against a rich dataset of pilot balloon trajectories
consisting of 409 releases from 3 sites during the whole time of the campaign. There is
a large variability between the pseudo-balloon trajectories due to the weak and variable
winds. This suggests that the bounds on the expected accuracy of a point-to-point15
comparison are rather large. 50% of trajectories had relative errors smaller than 50%,
suggesting that the model is able to reproduce the flow features in the basin. Further
comparisons were made between model trajectories and radiosonde paths with similar
accuracy levels. As these are more widely available, albeit with reduced spatial and
temporal coverage, they could serve for model comparisons and evaluation in a greater20
number of cases. The variability in the trajectories could also serve as an estimate of
the expected variability in sounding data for model validation.
Forward and backward trajectories were simulated corresponding to urban primary
emissions and to the “breathable” air in the basin. Venting of the basin was found
to be very rapid, especially for 2 of the 3 episode types studied: O3-North and Cold25
Surge. Residence times below 7h for 50% of particles corroborate findings from previ-
ous studies. On the regional scale, the transport is equally rapid, with 50% of particles
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remaining over land for less than 2 to 2.5 days. There is however a significant amount
of recirculation and longer residence times for O3-South episodes. Peak ozone val-
ues during the campaign occurred on all three episode types suggesting that multi-day
carry-over may contribute to greater spatial extent of the ozone peak but not to the
maximum daily value (de Foy et al., 2005a). In this respect, Mexico City is more com-5
parable to Houston and Athens where sea-breeze flows lead to same-day convergence
of emissions over the urban area rather than Los Angeles where a polluted reservoir is
formed. The mountain basin acts as an “air pump” pulsing the urban plume aloft after
which it is carried away by the synoptic flow. The vigorous vertical mixing dominates
both the slope flow and the wind convergence updrafts, leading to a well-mixed vertical10
plume over the urban area. On the regional scale, for this time of year, the main direc-
tions of outflow of the basin are east and north-east with some limited transport to the
Pacific ocean on certain days.
The circulation model proposed in de Foy et al. (2005a) is revised in Fig. 18 in the
light of the wind convergence patterns of de Foy et al. (2005b) and the current particle15
trajectories. These effects, and especially their vertical resolution enhance the previ-
ous model which was based on surface wind measurements. For O3-South days, the
plateau-to-basin winds are the main influx into the basin coming from the north in the
afternoon and from the north-west the rest of the time. The low level jet through the
Chalco passage forms in the evening and continues throughout the night. The plume20
is mixed vertically and transported out of the basin southwards above the mountains.
For O3-North days, the influx is in the north of the basin, but coming from the west.
Rather than being a plateau flow, it is actually an up-valley flow through the Rio Balsas
valley, up to Toluca and around the mountains. As the day progresses, the westerly
flow strengthens and comes over the basin rim on both sides of the Ajusco mountain.25
The low level jet in the Chalco passage is now an extension of this flow rather than a
separate feature. Plume exhaust takes place along the axis of the convergence line
towards the north-east. For Cold Surge days, the inflow is from the north. Low mix-
ing heights lead to an accumulation in the middle of the basin with outflow southward
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through the Chalco passage. Mountain blocking of the flow is particularly noticeable at
night with flow on both sides of the volcanoes in the south-east.
While a limited number of cases were presented in this paper, trajectories were
generated for the whole campaign forming a database for the analysis of MCMA-
2003 wind transport, which is currently accessible from http://mce2.org/ as part of5
the MCMA-2003 and MCMA-2006 field campaigns. It is hoped that this may help
in interpreting observations from the field campaign and in planning for the up-coming
MILAGRO campaign (Megacity Initiative: Local and Global Research Observations,
http://www.joss.ucar.edu/milagro/). The analysis of flow patterns and residence times
will also be able to assist in developing abatement strategies and provide policy guid-10
ance for reducing the adverse health impacts on the public.
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Fig. 1. MODIS true colour image of Mexico during the field campaign showing modelling do-
mains 1 and 2 along with geographic features mentioned in text. Mexico City Metropolitan Area
(MCMA) and Pico de Orizaba (ORI) shown by diamonds. The mouth of the Rio Balsas valley
is labelled, the river basin is the lighter area to the north-east.
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Fig. 2. Map of the Mexico City basin showing the third modelling domain in beige, the bound-
aries used for basin residence times in yellow, the political boundary of the MCMA in pink and
the vertical cross-section line A-B used in Fig. 16 in black. P1, P2 and P3 are the pilot balloon
release sites and R the radiosonde release site. The campaign supersite, CENICA (T0), is next
to P1. T1 and T2, the future MILAGRO sites are included for reference.
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Fig. 3. Particle releases from grid cells representing carbon monoxide emissions during rush
hour (08:00). Contour lines of terrain every 500 m, political boundary of the MCMA in pink,
balloon release sites as for Fig. 2.
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Fig. 4. Diurnal variation of the MM5 simulated mixing height for MCMA-2003 versus daily
maximum mixing height calculated from radiosonde observations at GSMN (R) using the gradi-
ent method which detects the surface mixing height and any inversions aloft, and the threshold
method. Note that on certain days the observations did not capture the maximum mixing height
either because of a missing sounding or because of sample timing.
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Fig. 5. Pilot balloon trajectories (large) versus Flexpart particle paths (small symbols) for 10:00 and 18:00 CDT
for April 15, 23 & 8. 100 particles are released for each balloon. P1 in green, P2 in black and blue and P3
in red. Note that horizontal transport of the balloons and particles is exaggerated by a factor of 8, in practice
average transport is less than 2 km from the release site. Contour lines of terrain every 500 m.
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Fig. 6. Relative Horizontal Transport Deviations (RHTD) for Pilot balloons and Radiosondes plotted as box-
plots by release times. Thick line represents the median value, thin lines the upper and lower quartile and dashed
lines the maximum range of the data.
21
Fig. 5. Pilot balloon trajectories (large) versus Flexpart particle paths (small symbols) for 10:00
and 18:00 CDT for 15, 23 and 8 April. 100 particles are released for each balloon. P1 in green,
P2 in black and blue and P3 in red. Note that horizontal transport of the balloons and particles
is exaggerated by a factor of 8, in practice average transport is less than 2 km from the release
site. Contour lines of terrain every 500 m.
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Fig. 6. Relative Horizontal Transport Deviations (RHTD) for Pilot balloons and Radiosondes
plotted as boxplots by release times. Thick line represents the median value, thin lines the
upper and lower quartile and dashed lines the maximum range of the data.
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Fig. 7. Residence time and recirculation fractions for the basin domain shown in Fig. 2 cate-
gorised by episode type. For the residence time, this shows a boxplot of histograms constructed
for each release of the campaign (even hours only). Thick lines show the median histogram
value by episode, thin lines show the upper and lower quartiles and dashed lines the range
of the data. For the recirculation fraction, the lines represent a histogram by episode of the
recirculation fractions at each release of the campaign.
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Fig. 8. Column “concentration fields” by time of day and by episode for forward CO trajectories
for the small domain. Values correspond to the count of particles vertically integrated for each
grid cell over the entire campaign normalised by the number of days in each episode (No/ce/dy
= Number per cell per day). Non-dimensionally, this is similar to a plume column concentration
diagram showing the urban impacts. Black terrain contour lines shown every 500 m, political
boundary of the MCMA in pink.
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Fig. 9. Basin outflow “residence times” for CO tracers by height and by episode type in Number
per cell per day. Particle counts in 35 to 40 km ring around MCMA, vertical grid from surface to
2000 ma.g.l. in 250 m increments. The MCMA is inside the cylinder, view looking towards the
Chalco passage in the south-east with north at the bottom.
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Fig. 10. Column “residence time” fields by time of day and by episode for backward MCMA
trajectories for the small domain (No/ce/dy = Number per cell per day). This shows the path
taken for particles arriving in the MCMA at each particular time range. Black terrain contour
lines shown every 500 m, political boundary of the MCMA in pink.
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Fig. 11. Residence time and recirculation fractions for the regional domain bounded by the
Gulf and Pacific coasts truncated 600 km to the North and 800 km to the East. See Fig. 7 for
explanation of plots.
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Fig. 11. Residence time and recirculation fractions for the regional domain bounded by the Gulf and Pacific
coasts truncated 600 km to the North and 800 km to the East. See Fig. 7 for explanation of plots.
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Fig. 12. Column “concentration fields” for forward trajectories for the regional domain by episode type, cf.
Fig. 8.
Fig. 13. Regional outflow “residence times” for CO tracers by height and by episode type, cf. Fig. 9. Particle
counts in 300 to 400 km ring around MCMA, vertical grid from surface to 8000 magl in 250 m increments.
Mountains surrounding the basin can be seen in the middle of the cylinder with the Pacific Ocean on the bottom,
the Gulf of Mexico on the top of the figure and North to the left. Acapulco is along the piece of coast hidden
by the cylinder and Veracruz along the coast hidden by the volcanoes inside the cylinder.
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Fig. 12. Column “concentration fields” for forward trajectories for the regional domain by
episode type, cf. Fig. 8.
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Fig. 13. Regional outflow “residence times” for CO tracers by height and by episode type,
cf. Fig. 9. Particle counts in 300 to 400 km ring around MCMA, vertical grid from surface to
8000 ma.g.l. in 250 m increments. Mountains surrounding the basin can be seen in the middle
of the cylinder with the Pacific Ocean on the bottom, the Gulf of Mexico on the top of the figure
and North to the left. Acapulco is along the piece of coast hidden by the cylinder and Veracruz
along the coast hidden by the volcanoes inside the cylinder.
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Fig. 14. Column “residence time” field by episode for backward MCMA trajectories for the large domain, cf.
Fig. 10.
Fig. 15. Particle clouds at 18:00 CDT for the three cases described in the text on the regional scale (top) and
the basin scale (bottom). Particles are coloured according to height above ground level. Top stars correspond
to MCMA (centre) and Veracruz (left), bottom stars correspond to CENICA, T1 and T2. Black terrain contour
lines shown every 500 m, political boundary of the MCMA in pink.
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Fig. 14. Column “residence time” field by episode for backward MCMA trajectories for the large
domain, cf. Fig. 10.
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Fig. 14. Column “residence time” field by episode for backward MCMA trajectories for the large domain, cf.
Fig. 10.
Fig. 15. Particle clouds at 18:00 CDT for the three cases described in the text on the regional scale (top) and
the basin scale (bottom). Particles are coloured according to height above ground level. Top stars correspond
to MCMA (centre) and Veracruz (left), bottom stars correspond to CENICA, T1 and T2. Black terrain contour
lines shown every 500 m, political boundary of the MCMA in pink.
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Fig. 15. Particle clouds at 18:00 CDT for the three cases described in the text on the re-
gional scale (top) and the basin scale (bottom). Particles are coloured according to height
above ground level. Top stars correspond to MCMA (centre) and Veracruz (left), bottom stars
correspond to CENICA, T1 and T2. Black terrain contour lines shown every 500 m, political
boundary of the MCMA in pink.
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Fig. 16. Particle cloud cross-section at 18:00 CDT for the three cases described in the text. Vertical slice along
line AB (Fig. 2), showing particles to the west (top) and to the east (bottom). Particles coloured by age.
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Fig. 17. Particle paths from four releases on the basin periphery at 18:00 CDT for the three cases described in
the text. Pass (red) is in the Chalco passage, South (yellow) in the Cuautla valley, NE (blue) near Pachuca and
NW (green) to the north-west.
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Fig. . Particle cloud cross-section at 18:00 CDT for the three cases described in the text.
Vertical slice along line AB (Fig. 2), showing particles to the west (top) and to the east (bottom).
Particles coloured by age.
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Fig. 16. Particle cloud cross-section at 18:00 CDT for the three cases described in the text. Vertical slice along
line AB (Fig. 2), showing particles to the west (top) and to the east (bottom). Particles coloured by age.
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Fig. 17. Particle paths from four releases on the basin periphery at 18:00 CDT for the three cases described in
the text. Pass (red) is in the Chalco passage, South (yellow) in the Cuautla valley, NE (blue) near Pachuca and
NW (green) to the north-west.
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Fig. 17. rticle paths from four r leases on the basin periphery at 18:00 CDT for the three
cases described in the text. Pass (red) is in the Chalco passage, South (yellow) in the Cuautla
valley, NE (blue) near Pachuca and NW (green) to the north-west.
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Fig. 18. Circulation Model for the Mexico City basin for O3-South, O3-North and Cold Surge episode types.
Arrows coloured by time of day: early morning (0-5) in blue, morning (6-11) in red, afternoon (12-17) in brown
and evening (18-23) in yellow. Plateau winds on O3-South days combine with vigorous mixing to transport the
urban plume southwards of the mountains. A low level jet forms in the Chalco passage causing a convergence
line in the south of the city. Strong westerly flow on O3-North days first enters the basin from the north-west
but then comes over the south and west rims of the basin during the day. The combination with the low level
jet forms a north-south convergence zone and exhaust of the basin to the north-east. On Cold Surge days strong
northerly winds blow into the basin. Low mixing heights lead to pollutant accumulation in the city and channel
flow through the Chalco passage.
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Fig. 18. Circulation Model for the Mexico City basin for O3-South, O3-North and Cold Surge
episode types. Arrows coloured by time of day: early morning (0–5) in blue, morning (6–11)
in red, afternoon (12–17) in brown and evening (18–23) in yellow. Plateau winds on O3-South
days combine with vigorous mixing to transport the urban plume southwards of the mountains.
A low level jet forms in the Chalco passage causing a nvergence line in the south of the
city. Strong westerly flow on O3-North days first enters the basin from the north-west but then
comes over the south and west rims of the basin during the day. The combination with the
low level jet forms a north-south convergence zone and exhaust of the basin to the north-east.
On Cold Surge days str ng north rly winds blow into the basin. Low ixing heig ts lead to
pollutant accumulation in the city and channel flow through the Chalco passage.
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